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ABSTRACT 

 Increasing concerns about the safety of fresh produce have sparked interest in application 

of nonthermal technologies to reduce microbial contamination. Since some of the treatments that 

can kill bacteria also have detrimental effects on the treated product, a method that minimizes 

losses in quality throughout storage needs to be identified. The purpose of this project was to 

determine the effects of blue light emitting diodes (LED) on spinach quality and microbial load 

of baby spinach throughout storage at 4°C. Vitamin C content was monitored using high-

performance liquid chromatography (HPLC), as an indicator of nutritional quality, while visual 

appearance, color, and texture were analyzed to determine any changes in physical 

characteristics of spinach due to LED exposure. Spinach leaves not exposed to LED light were 

used as control. There were no significant differences between treatments for the physical 

parameters, which indicates that blue LED light did not affect the physical integrity of spinach 

throughout 14 days of storage. The amount of vitamin C was found to decrease slightly from day 

0 to day 7 of refrigerated storage for the controls (no LED), which was expected as degradation 

of this sensitive compound is known to occur during storage. Seven days of continuous LED 

light exposure significantly increased the total amount of vitamin C, by 254%. Likewise, 14 days 

of continuous LED exposure increased vitamin C by 119% compared to day 0. These results 

suggest that blue LED light may increase the rate of vitamin C biosynthesis and, thus, the total 

amount of vitamin C in spinach. Microbiological analysis throughout refrigerated storage 

showed a 1.5 log reduction in total plate count after 14 continuous days of LED exposure, which 

suggests that this treatment can also control microflora in spinach during refrigerated storage. 

Overall, the results of this study suggest that exposing spinach to blue LED light may be a novel,  
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nonthermal solution to both reduce microflora and increase total vitamin C in spinach and  

potentially in other leafy greens. 
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1 Introduction 

The shelf life, or length of time that a product is effectively stable and fit for 

consumption, of fresh produce is greatly dependent on quality and safety. Once harvested, fruits 

and vegetables continue to metabolically change via ripening and senescence. The ripening 

process can lead to positive changes in quality; however, all fresh produce will eventually 

degrade, or senesce, and negative quality attributes will take over. The quality of fresh produce is 

typically indicated by nutrient capacity and sensorial properties such as color, odor, and texture 

(deMan et al, 2018). Undesirable changes in these attributes have been found to negatively 

impact consumer acceptability and likelihood to repurchase (Grunert, 2005; Barret et al., 2010). 

Shelf life of fresh produce has been linked to consumer perception of negative sensorial changes 

(Salinas-Hernández, et al., 2015). Likewise, the capacity of fruits and vegetables to deliver 

nutrients is a significant consideration in the quality of post-harvest produce. One study found 

that salad leaves lose about 35-86% of their vitamin C following 10 days of refrigeration 

(Dewhirst et al., 2017). Thus, positive quality attributes both in the form of sensory 

characteristics and nutrient content must be preserved during the shelf life of fresh produce.  

Produce safety depends on the ability of pathogenic microbes to grow. If conditions are 

right, these harmful microbes can grow and potentially cause foodborne illness if consumed. 

Together, quality and safety are important parameters to understand and control when 

considering the shelf life and acceptability of fresh produce throughout storage.  

Consumers expect great tasting products that are visually appealing, can deliver nutrients, 

and are safe for consumption. However, this is a challenge because fresh foods are sensitive 

matrices that are prone to damage and degradation. Common thermal processing techniques, 

such as canning, freezing, dehydration, use combinations of temperature and time to reduce or 
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eliminate a desired amount of microorganisms (Holdsworth and Simpson, 2016). However, since 

fresh produce is purchased in its raw form, thermal processing for microbial control is not an 

option. On the other hand, nonthermal technologies have been shown to effectively reduce innate 

microflora whilst retaining the positive quality characteristics, using mechanisms other than 

temperature. Examples of nonthermal techniques are pulsed electric field, pulsed light, 

ultraviolet (UV) radiation, and high pressure processing (HPP). These processes are becoming 

increasingly popular in the food industry because of their demonstrated ability to inhibit and/or 

kill microorganisms, while minimizing sensory and nutrient losses (Morris et al., 2007). Some of 

these techniques also have higher production rates and energy efficiencies in comparison to 

thermal treatments (Pereira et al., 2009).  

Light-based nonthermal technologies, in particular, are of interest in post-harvest produce 

preservation. The effects of light treatments on the treated product depend on various parameters 

including light intensity, duration of treatment, wavelength of light, and, most importantly, food 

matrix. One specific type of light treatment is light emitting diode (LED). LEDs are 

semiconductors that emit a singular wavelength of visible light when a current is passed through 

(Schubert, 2006). Recently, LEDs have become popular in commercial and industrial lighting 

applications due to higher energy-efficiency, longer life spans, a range of visible colors, and 

better cost performance in comparison to their incandescent and fluorescent counterparts 

(D'Souza et al., 2015). Additionally, LEDs can emit light in a narrow bandwidth, allowing 

specific wavelengths to be applied for specific applications, and for LED lighting systems to be 

fine-tuned to produce a desired result.  

Some research within healthcare has shown promise for the use of LEDs as an 

antibacterial therapeutic treatment (Durantini, 2006; Luksiene, 2003). A few studies have also 
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shown that LEDs can enhance plant growth and increase nutritional value throughout growth 

(Morrow, 2008; Yeh and Chung, 2009; Singh et al., 2015). Therefore, LEDs show great potential 

for creating a system that effectively decontaminates the surface of post-harvest produce. 

However, the effects of specific LED systems on post-harvest nutritional value have yet to be 

determined. 

The overall purpose of this study is to determine the effects of blue LED light (405 nm) 

on the quality and safety of post-harvest baby spinach. Baby spinach (Spinacia oleracea) was 

selected as the matrix, for a variety of reasons. The leaves are relatively similar in shape and size, 

have a flat surface for uniform light contact, and are a widely consumed commodity that is 

commercially available year-round. Spinach is also well known as a nutrient-rich leafy green, 

which is important for determining the effect of LED light on nutrient quality and retention.  

One vitamin that is found in high concentration in spinach is vitamin C, which is the why 

this was chosen as the primary nutrient of interest in this study. Pre-packaged spinach, in 

particular, was found to lose more vitamin C following harvest relative to other leafy greens 

(Dewhirst et al., 2017). Interestingly, a previous study showed that total vitamin C content of 

Euglena gracilis, a species of green algae, increased with exposure to visible blue light 

(Shigeoka et al., 1979). Amoozgar et al. (2017) also found that irradiating lettuce with blue 

LEDs throughout growth led to an increase in vitamin C over time. Moreover, all of these 

findings prompted the interest in determining the effect of blue LEDs on vitamin C content in 

spinach.  

Unlike some other vitamins, the human body cannot synthesize vitamin C. Thus, it must 

be obtained from the diet. Vitamin C can be in the form of reduced ascorbic acid (AA) or 
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oxidized dehyrdroascorbic acid (DHA) (Figure 1). Both are biologically active, but AA is the 

major form (Lee and Kader, 2000). In this study, the total amount of Vitamin C was monitored.  

 

 

Figure 1. Forms of vitamin C 

 

Visual appearance, color, and texture were analyzed to determine the effects of LED 

treatment on the overall leaf quality. Color, in particular, is a key physical attribute of produce 

that can indicate deterioration. Kramer observed that appearance is one of the most important 

factors for consumer rejection or acceptance of produce (Kramer, 1965). Textural changes are 

also a sign of aging and can impact consumer perception as previously mentioned. As for 

microbiological effects, total plate count was calculated on each day of analysis to determine the 

effects of LED treatment on microbiological load over time and between treatments.  

Additionally, this work explored whether or not blue LED treatment is an effect method 

of microbiological reduction and quality retention for spinach post-harvest processing. This may 

also indicate the potential for the use of LEDs to preserve other fresh fruits and vegetables, more 

broadly.  
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2 Materials and Methods 

2.1 Reagents 

L-(+)-ascorbic acid, 1,4 dithiothreitol (DTT), stabilized metaphosphoric acid (MPA), and 

phosphoric acid were purchased from Fisher Scientific (Hampton, USA). High-performance 

liquid chromatography HPLC) grade acetonitrile and potassium phosphate monobasic were 

obtained from Sigma Aldrich (St. Louis, USA). Peptone water was obtained from Oxoid 

(Hampshire, England) and plate count agar from BD Difco, Becton Dickinson (Sparks, USA).  

 

2.2 Spinach 

 Prepackaged fresh baby spinach was purchased from Wegmans (Ithaca, USA). The bags 

were selected such that the “best by” date was the date for Day 7 analysis. This allowed 

observations to be made 7 days prior to, on, and 7 days after the “best by” date. The spinach was 

refrigerated at 4°C for one day prior to the start of LED treatment. Nunes et al. reported that 

retail storage temperatures fluctuate from -1.2 and 19.2°C (Nunes et al. 2009). The storage 

temperature for treatment was 4°C because it falls within this range and is typical for 

refrigeration systems.   

 

2.3 LED setup 

The light treatments were conducted using the Vital Vio LED (405 nm) instrument (Troy, 

USA) with a light intensity of 0.14 mW/cm2. The entire instrument was placed in a refrigerator 

and treatments were carried out at 4°C. The arm was positioned at a 90° angle to ensure that the 

light bar was directly above the metal tray, which was centered on the legs of the apparatus 

(Figure 2).   
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Figure 2. Schematic illustration of the Vital Vio LED (405 nm) instrument 

 

2.4 Sample preparation and LED treatment 

 Spinach leaves were randomly selected leading to an average size of 4 x 6 cm. All stems 

were removed at the base of the leaves to accommodate the spatial limitations of the metal tray. 

The leaves receiving LED treatment were either placed in perforated clear (light-treated) or 

opaque black low-density polyethylene (LDPE) bags (positive control). The bags each contained 

one leaf and were placed in a single layer on the tray below the light.  

 The leaves were irradiated with blue LED light for 14 days with analysis taking place on 

days 0, 7, and 14. Each 14-day LED experiment required 20 leaves in total. Figure 3 shows the 

set-up of the various treatments. On day 0, 4 leaves were taken directly from the bag for analysis 

(2 for HPLC and color analysis and 2 for microbiological analysis).  The day 0 leaves were, 

therefore, not subjected to LED treatment (negative control). On day 7, 8 leaves were pulled 

from the treatment--4 for color/HPLC (2 light-treated and 2 positive controls) and 4 for 

microbiological analysis (2 light-treated and 2 positive controls). This same process occurred on 
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day 14. The complete 14-day LED treatment was repeated three times and all duplicate 

measurements were averaged for each time point of analysis.  

Figure 3. Set-up of spinach treatments.  
A and B represent replicate samples for each treatment. The gray box indicates the tray below 

the LED light and the black boxes represent the positive control samples in black bags. 
 

 

2.5 Physical analysis 

2.5.i Visual evaluation 

 The visual appearance of the leaves was observed on days 0, 7 and 14 of refrigerated 

storage. Pictures were taken to provide a qualitative comparison between treatments and to 

monitor any significant changes in the leaves’ visual integrity, such as wilting or severe moisture 

loss (drying), throughout treatment. 
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2.5.ii Color analysis 

The spinach leaves selected for vitamin C quantification were first analyzed for color. 

Measurements were taken by placing the probe of a Konica Minolta colorimeter on the center of 

the top side of the leaf and recording the color parameter values (L*, a*, b*). The instrument was 

calibrated prior to each measurement using a standard white calibration tile. L* describes 

lightness (0=black, white=100), negative a* values describe the intensity of green color, and 

positive b* values describe the intensity of yellow color.  

 

2.5.iii Texture analysis 

 The texture of the leaves was analyzed with a TA.XT Plus texture analyzer, using a 

methodology adapted from More et al. (2014) and Gutiérrez-Rodríguez, et al. (2012). 

Measurements were conducted on days 0 and 14 of refrigerated storage. A 6 mm ball probe was 

used to penetrate the leaf. The pre-test speed was 2 mm/s while the test speed (when probe 

contacted lead) was 1 mm/s and the post-test speed was 10 mm/s. Two metal plates with 

corresponding holes (area = 0.95 cm2) where clamped around each leaf to flatten the surface. The 

probe cleared the hole in the plates by 0.15 mm and moved a standard distance of 8 mm. Three 

holes, one in the middle and two on the ends, were punched per leaf. The data from each punch 

was collected and used to create a force-displacement graph. This graph was then used to 

determine burst strength and toughness via peak force and area under the curve, respectively.  

 

2.6 Vitamin C extraction 

The spinach leaves were freeze-dried using a Harvest Right freeze dryer (9 hrs freeze; 13 

hrs dry). Freeze-drying standardized the water content across samples. The leaves were then 
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weighed, placed in 50 mL amber centrifuge tubes, and crushed to fine pieces using a metal 

spatula. A volume of 10 mL deionized water (DI-H2O) was added to each of the tubes and the 

tubes were sealed with a lid. Next, the tubes were sonicated for 15 s, then vortexed for 10 s. The 

process of sonicating and vortexing was repeated a total of 3 times.  

 The tubes were then centrifuged (15,000 rpm, 4°C, 5 min) using a Beckman Avanti J-25 

Centrifuge. A fully conglomerated spinach pellet did not form so a stainless steel mesh square (3 

x 3 cm) was used to filter the solution into a new 50 mL amber centrifuge vial. The mesh was 

then flipped and returned to the original amber tube where the crushed leaves were re-suspended 

by washing with 10 mL DI-H2O. This entire process of dilution, sonication, vortexing, 

centrifugation, and filtering was repeated 3 times to get approximately 30 mL of decanted liquid 

containing dehydroascorbic acid (DHA), the oxidized form of vitamin C. 

 

2.7 HPLC analysis 

Reverse-phase high-performance liquid chromatography (HPLC) was used to determine 

vitamin C content because of its high sensitivity and proven success in analyzing vitamin C. In 

order to determine the total vitamin C content, all vitamin C was converted to AA with the 

addition of dithiothreitol (DTT), a reducing agent. Metaphosphoric acid (MPA) was also added 

to lower the pH of the extraction solution and served to stabilize vitamin C in the AA form 

throughout the extraction process (Campos et al., 2009). To determine the ratio of AA to DHA, 

samples were also prepared without DTT. This allowed for the amount of AA to be quantified 

and hence the amount of DHA could be calculated by subtracting the amount of AA from the 

total amount of vitamin C with DTT. 
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2.7.i HPLC sample preparation 

To determine the amount of AA in each leaf, 400 µL DTT (5 mg/mL) was added to 1 mL 

of the vitamin C extract in a 50 mL amber centrifuge tube. The tube was sealed and set aside for 

1 h. Another tube was filled with 1 mL vitamin C extract and 400 µL DI-H2O to determine the 

total amount of vitamin C. Volumes of 200 µL MPA and 400 µL HPLC-grade acetonitrile were 

added to each of the AA and DHA tubes. Both tubes were then vortexed and centrifuged at 

12,500 rpm for 5 minutes at 4°C. The supernatant from each tube was filtered into amber 

autosampler HPLC vials with a nylon syringe filter (13 mm x 0.45 µm; Celltreat Scientific 

Products, Pepperell, USA) and analyzed with HPLC. Standard calibration curves for both total 

vitamin C and AA were prepared for use in determining the amount in each spinach leaf.   

 

2.7.ii Chromatographic parameters 

The HPLC method used to determine vitamin C content was developed by Ugasaki et al. 

(2017). A mobile phase of 50 mmol potassium phosphate monobasic solution was adjusted to pH 

2.8 by the dropwise addition of phosphoric acid. The samples were analyzed using the Aligent 

1100 Series HPLC instrument set up with a Varian Rainin Microsorb C18 column (250 x 4.6 mm, 

5 µm particle size, 100 nm pore size; Oakland, USA) coupled with a UV-Vis and diode array 

detector (DAD). Injected at a volume of 20 µL, the samples underwent an isocratic run for 20 

minutes at ambient column temperature (22-25°C) with a flow rate of 1 mL min-1. The detection 

wavelength was set at 254 nm.  
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2.7.iii Vitamin C and ascorbic acid determination 

The total vitamin C concentration was determined using a method developed by 

Margolis, Paule, and Ziegler (1990) and adapted by Usaga et al. (2017) where total vitamin C 

content refers to the sum of ascorbic acid (AA) and dehydroascorbic acid (DHA). A standard 

curve for ascorbic acid was produced using the HPLC method noted in the previous section. The 

equation of this line and the area under the curve for the ascorbic acid peak were used to 

calculate the amount of ascorbic acid in ppm. This final concentration of ascorbic acid (mg) per 

raw spinach leaf sample was calculated using dilution and unit conversion factors as follows: 

𝐴𝑈𝐶
𝑠𝑙𝑜𝑝𝑒  𝑠𝑡𝑑. 𝑐𝑢𝑟𝑣𝑒 = 𝐴𝐴  𝑖𝑛  𝑠𝑎𝑚𝑝𝑙𝑒   (𝑝𝑝𝑚) 

 
 

𝐴𝐴  𝑖𝑛  𝑠𝑎𝑚𝑝𝑙𝑒    𝑝𝑝𝑚 ×
𝑚𝑔
𝐿 ×

1  𝐿
1000  𝑚𝐿×

30  𝑚𝐿
1  𝑚𝐿 ×

1  𝑚𝐿
2  𝑚𝐿 =𝑊𝑡.𝐴𝐴  𝑖𝑛  𝑠𝑎𝑚𝑝𝑙𝑒  (𝑚𝑔) 

 
 

!".    !!  !"  !"#$%&
!".    !"#  !"#$%&!  (!)  

= 𝑉𝑖𝑡  𝐶  𝑖𝑛  𝑆𝑝. (𝑚𝑔/𝑔 Raw spinach) 
 

The amount of AA was quantified by adding 1,4 dithiothreitol (DTT) to the vitamin C 

extract and analyzing with HPLC. This step reduced all forms of vitamin C to AA, which yielded 

the total vitamin C content. When DTT was absent, vitamin C remained as a mixture of AA and 

DHA. As mentioned, the HPLC method only determined the amount of AA. Thus, DHA was 

calculated by subtracting the amount of AA in the non-DTT samples from the amount of AA in 

the DTT samples, or total vitamin C.  
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2.8 Microbiological analysis 

The leaves for microbiological analysis on days 0, 7, and 14 of refrigerated storage were 

individually weighed then stomached in 0.1% (w/v) sterile peptone water in a 1:10 ratio with a 

Seward Stomacher 400 Circulator (England) for 1 minute at 230 rpm (Seow et al., 2012). Serial 

dilutions were prepared from this initial dilution. Each of the dilutions was plated using the 

spread plate method and standard plate count agar. The plate were incubated at 37°C for 24 

hours (Faour-Klingbeil et al., 2016). The total standard plate count (SPC) was calculated for each 

sample to compare changes in innate microfluora throughout storage and light exposure.  

 

2.9 Statistical analyses 

 All analyses were carried out in triplicate, excluding texture, which was only replicated 

twice. Analysis of variance (ANOVA) was used to determine the effects of LED light on the L*, 

a*, b* color values, texture, and vitamin C content of spinach. The differences between the total 

standard plate counts for each treatment were analyzed using an unpaired t-test. The differences 

in total plate count for each day were analyzed using ANOVA. All ANOVA analyses were 

performed using Microsoft Excel (2011). Further comparison of the means for vitamin C 

concentration was carried out using Tukey’s honestly significant different (HSD) test. Tukey 

analysis was performed using R at a significance level of 0.05.  
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3 Results and Discussion 

3.1 Effect of LED light on physical characteristics of spinach 

 The spinach leaves were examined throughout storage for notable changes in visual 

appearance. Figure 4 shows the comparison of one leaf stored under LED light (405 nm) in a 

clear plastic bag and one leaf stored under LED light in a black plastic bag. On day 0, the leaves 

looked fresh as expected with bright green color. The images from days 0 and 7 for each 

treatment show little difference in the visual comparison of the leaves. There was slightly more 

wilting and physical deterioration of the leaves in each treatment when comparing the leaves on 

days 7 and 14. This was anticipated as day 14 marks the seventh day past the best-by date for 

quality. There was also more notable difference in the leaves between the treatments on day 14. 

The leaf stored in black plastic showed slightly more deterioration in comparison to the clear 

plastic.  

 

 

 

 

 

 

 

 

 

Figure 4. Visual comparison of spinach leaves throughout storage under LED light (405 nm). 
The leaves were stored in (a) clear plastic (LED) and (b) in black plastic (no LED). The same 

leaf was photographed on days 0, 7, and 14 for each treatment throughout storage. 
  

0  7 14 
 

(a) 
 

(b) 
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This qualitative visual comparison suggests that the LED light treatment does not 

considerably impact the physical appearance of post-spinach throughout 14 days of storage at 

4°C. However, quantitative results were obtained to verify the difference in physical 

characteristics.  

Colorimetry was used to analyze the effect of LED treatment on spinach color. The 

results of color analysis on days 0 (positive control), 7, and 14 are shown in Table 1.  

 

Table 1. Lab color parameters (mean ± standard deviation, n = 6). No LED represents the leaves 
in dark bags (positive control) and LED indicates clear bags under LED light (405 nm).** 

 

Treatment L* a* b* 

Control 

7 No LED 

38.2a  ± 3.8 

37.7a  ± 5.8 

-11.4a  ± 2.0 

-10.5a  ± 2.1 

17.3a  ± 4.7 

16.3a  ± 4.7 

7 LED 39.9a  ± 6.1 -10.5a  ± 2.5 17.5a  ± 5.8 

14 No LED 37.4a  ± 8.7 -10.1a  ± 2.1 15.9a  ± 6.6 

14 LED 41.0a  ± 3.7 -11.8a  ± 2.9 20.7a  ± 6.4 
**  Means not followed by the same superscript within each column are significantly different 
from each other (p < 0.05). 
 

 Lab color measurements were taken on a different leaf for each day of analysis. Table 1 

shows that all means within each treatment had high standard deviations. This indicates that 

there was color variation amongst the different leaves evaluated within each treatment. This 

variation in color may be due to natural causes, including soil composition, available sunlight 

during growing and other environmental conditions throughout spinach growth. Due to the 

logistics of the study, the same leaf could not be evaluated on each day of analysis, and different 

leaves had to be used for color comparison on each day of analysis.  
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 The main purpose of color analysis was to determine if the effects of LED light differed 

from the control treatments. The superscripts in Table 1 indicate that there were no significant 

differences in the means between treatments for L*, a*, or b* color parameters. This further 

demonstrates that LED light exposure did not impact the color of post-harvest spinach 

throughout 14-days of storage at 4 °C. The color of fresh produce tends to change over time. 

However, it has been found that the antioxidants in green lettuce delay the change in color over 

time (Pérez-López et al., 2014). This may be one reason why there is no significant change in 

color between LED-exposed and no LED control spinach samples.  

Additionally, Figure 5 indicates that the color parameters for the leaves stored under LED 

light followed similar trends as those stored in the dark. 
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(i) 

 

 

 

 

 

 

 

(ii) 

 

 

 

 

 

 

 

(iii) 

 

 

 

 

 

Figure 5. (i) L’, (ii) a’, (iii) b’ color parameters for the 405 nm LED light (in blue) and no LED 
(dark) (in red) samples (n = 6, error bars indicate standard deviation). 
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 The texture of the spinach leaves was analyzed on days 0 and 14 to determine if LED 

induced changes to texture throughout the two-week trial. The average results for peak force and 

the area under the force-displacement curve are shown in Table 2. Peak force is the burst 

strength and area is indicative of toughness. Statistical analyses of the data showed that there was 

no significant difference in peak force between the control (negative control), LED, and no LED 

treatments (p > 0.05). Likewise, there was no significant difference in area, or toughness, 

between the three treatments (p > 0.05). These results indicate that LED light (405 nm) has no 

significant effect on the texture of spinach. Thus, LED light does not improve, nor alter the 

textural quality of spinach throughout storage.  

 
Table 2. Texture parameters (mean ± standard deviation, n = 2 for control, n = 4 for LED and No 
LED). No LED represents dark bags (positive control) and LED indicates clear bags under LED 
light (405 nm).* 

 
Treatment Peak force Area 

Control 

14 LED 

0.861a ± 0.129 

2.158a ± 0.492 

0.706a ± 0.226 

1.830a ± 0.307 

14 No LED 1.330a  ± 0.761 1.533a ± 1.263  
    * Means not followed by the same superscript within each column are significantly different (p 
< 0.05). 
 

 Overall, the results of physical characteristic analyses suggest that LED treatment does 

not significantly impact the visual appearance, color, and texture of baby spinach throughout 14 

days of refrigerated storage. The physical quality of the leaves was maintained throughout 

treatment. No extension of physical quality characteristics was observed. Further analysis is 
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necessary to determine if other quality parameters, such as nutrient quality, are affected by the 

treatment.  

  3.2 Effect of LED light on vitamin C content  

 HPLC analysis was carried out for each treatment to quantify the amount of vitamin C in 

each sample. In all samples, regardless of whether or not DTT was added, ascorbic acid was the 

form of vitamin C measured. Ascorbic acid was eluted at 3.5 minutes and the area under the 

curve (AUC) for the peak at this time was recorded. The equation of the standard curve in Figure 

6 was used to calculate the concentration of ascorbic acid (ppm) in each sample.  

Figure 6. Standard curve for ascorbic acid determination (n=6) 

 
 The concentrations in ppm were used to calculate the amount of vitamin C (mg) per gram 

of raw spinach. Figure 7 compares the average total vitamin C concentration for each treatment 

in the forms of AA and DHA.  

The average total vitamin C content for the day 0 control was 0.41 mg/g raw spinach. 

This was compared to the USDA standard for raw spinach of 0.28 mg/g raw spinach (USDA, 

y	  =	  22.944x	  
R²	  =	  0.99941	  

0	  

100	  

200	  

300	  

400	  

500	  

600	  

700	  

0	   5	   10	   15	   20	   25	   30	  

AU
C	  

[Ascorbic	  acid]	  (ppm)	  



 
 

19 

2018). Though the average in this study was slightly higher, vitamin content can vary from leaf 

to leaf depending on a variety of factors including environmental growing conditions, soil 

nutrient composition, and storage parameters. Thus, this comparison indicated the total amount 

of vitamin C obtained via three water extractions was comparable to the typical amount in raw 

spinach.  

  
Figure 7. Total vitamin C concentration for various treatments throughout storage.  

Control represents day 0 with no LED exposure. No LED represents dark bags (positive control) 
and LED indicates clear bags under LED light (405 nm). Total vitamin C is represented by the 
total height of each column. Means of total vitamin C with the same lower or upper case letter 

are not significantly different (Tukey’s test p > 0.05) (n = 6, error bars indicate standard 
deviation for total vitamin C content). *Means for total vitamin C are significantly different. 

 

 Figure 7 also shows how vitamin C concentration compared between LED and no LED 

(positive control) treatments. These results clearly show that the total vitamin C content was 

much higher for the LED-exposed leaves on days 7 and 14 compared to day 0. Additionally, the 

total vitamin C content decreased over time for the non-LED treated samples. This was expected, 
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because vitamin C is known to degrade over time following harvest. The total vitamin C average 

for day 14 no LED, however, was higher than that on day 7. This may suggest that some vitamin 

C degraded throughout storage but was not completely lost. Statistical analysis was conducted to 

determine if this difference was significant. ANOVA statistical analysis indicated that there was 

a significant difference in total vitamin C content between treatments (p = 0.0007). Tukey 

analysis was then used to determine which of the treatments were significantly different. Table 3 

summarizes the results of the Tukey test. 

 
Table 3. Tukey analysis results for average total vitamin C content (mean ± standard deviation, n 
= 6 for all treatments). No LED represents the positive control leaves kept in black bags while 
LED represents those leaves stored in clear plastic under LED light (405 nm).* 
 
Treatment Total vitamin C (mg/g wet spinach) 

Control 

7 No LED 

0.42* ± 0.12 

0.20 ± 0.13 

7 LED 1.47* ± 1.00 

14 No LED 0.25 ± 0.19 

14 LED 0.91  ± 0.40 
 * Means are significantly different (Tukey’s test, p < 0.05).  
 

 As expected, the means of total vitamin C content for the day 0 control and the day 7 

LED were significantly different (p = 0.01). Seven days of LED exposure led to a 254% increase 

in total vitamin C content when compared to day 0. In addition, the results of Tukey analysis 

showed there is a significant difference in total vitamin C content between day 7 no LED and 

LED (p = 0.002). Thus, LED exposure significantly increased total vitamin C content. On day 14 

of analysis, there was 119% more vitamin C in the LED exposed samples than on day 0. This 

difference, however, was not significant according to the Tukey test (p = 0.45). Likewise, the 
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difference between day 14 LED and day 7 was not significant (p = 0.32). The average total 

vitamin C concentrations for day 7 LED and day 14 no LED control are significantly different (p 

= 0.002). This just suggests that the average amount of vitamin C on day 7 of LED exposure is 

greater than the leaves not exposed to LED light on day 14. These results again confirm that the 

total amount of vitamin C significantly increases with seven days of continuous LED exposure.  

A previous study noted that increases in vitamin C due to blue light may be linked to 

increased activity of L-galactono-1,4-lactone dehydrogenase, the enzyme involved in the 

biosynthesis of ascorbic acid in spinach (Shigeoka et al., 1979). Thus, blue LED light may 

improve the enzyme’s ability to produce vitamin C within the first seven days. As the spinach 

passes the best-by date and approaches fourteen days of LED exposure, natural degradation 

processes may begin to take control. These competing factors of senescence may overwhelm the 

enzyme’s ability to synthesize vitamin C. Thus, this is one potential reason why the amount of 

vitamin C decreases from day 7 to 14 of LED exposure. 

 Table 4 contains the average percent of AA and DHA for each treatment. This 

comparison shows that the relative ratio of AA to DHA (3:1) was quite similar for the day 7 and 

14 LED treatments. The ratio for day 7 no LED was also quite similar to days 7 and 14 LED. On 

the other hand, the percent of vitamin C in the form of DHA was much smaller at an 

approximate average of 10%. This supports literature that found the amount of DHA to be 10% 

or less of the total vitamin C content when ascorbic acid is the measureable form (Noble and 

Devore Hanig, 1948). Thus, the proportion of AA and DHA changed quite a bit from day 0 to 

day 7 of LED treatment. The proportion then remained similar on both days of LED treatment. 

The proportion of DHA increased from day 0 to 7 in the dark and then decreased to a similar 



 
 

22 

proportion on day 14 in the dark. This may support the notion that spinach undergoes a stress 

response mechanism to produce more vitamin C when exposed to LED light.  

 

Table 4. Percent of ascorbic acid (AA) and dehydroascorbic acid (DHA) in average total vitamin 
C content (n = 6 for all treatments). No LED represents the positive control leaves kept in black 
bags while LED represents those leaves stored in clear plastic under LED light (405 nm). 

 

Treatment % AA % DHA 

Control 

7 No LED 

90.13 

73.66 

9.87 

26.34 

7 LED 75.49 24.51 

14 No LED 91.47 8.53 

14 LED 75.44 24.56 

 
 
 
3.3 Effect of LED light on microbial load of spinach 

 Total standard plate count (SPC) was determined for each treatment throughout storage to 

determine the effect of blue LED light on microbial load. The results of total SPC analysis are 

shown in Figure 8. This graph illustrates that LED light did control the total microbial load of 

spinach throughout storage. It is important to note that some samples had very low levels of 

contamination, with colony counts less than 25 cfu/plate. This may also explain the high 

variability (large standard deviations) for each treatment. Another reason for the high standard 

deviations is that a different leaf was used for SPC on each day of analysis because the samples 

are destroyed using the method of analysis. 

Still, Figure 8 shows that in the absence of LED light, the total SPC increases. Statistical 

analysis indicated that the difference between days of analysis for the “No LED” samples was 

not significant (p = 0.10). Likewise, the difference in SPC between the “LED” samples 
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throughout storage was not significant (p = 0.74). Although the data indicates that total SPC for 

the LED samples decreases from day 0 to 7 and then increases from day 7 to14, the difference 

between the three days was not significantly different—potentially indicating LED’s ability to 

control microbial growth. T-test analysis of each of the two treatments (no LED and LED) on 

days 0, 7, and 14 indicated that the total SPC’s were not statistically different (p = 1.0; p = 0.26; 

p = 0.053).   

 Thus, these results do not necessarily imply the LED light is an effective method of 

microbial surface decontamination, but rather a method to prevent further growth during 

refrigerated storage. What the results do suggest is that blue LED light may aid in controlling the 

total amount of microbial growth on spinach throughout 14 days of storage. However, the results 

account for the total amount of all microbes. More work is necessary to determine which types of 

microorganisms LED light is actually suppressing.  

 

Figure 8. Total standard plate count (SPC) throughout storage. Error bars represent standard 
error. No significant differences noted between treatments or days of storage. 
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4 Conclusions 

 This study sought to determine the effects of blue LED light on the post-harvest quality 

and safety of spinach throughout refrigerated storage.  

The results of physical analyses suggest that blue LED light does not significantly affect 

the visual appearance, color, and texture of spinach throughout 14 days of refrigerated storage. 

However, whether LED treatment has any effect on the sensory characteristics of the treated 

spinach, should be determined by sensory tests in the future. Nonetheless, these results are 

positive in the sense that exposure to blue LEDs does not negatively impact the physical 

characteristics of spinach, which are important quality attributes for fresh produce.  

Continuously exposing baby spinach to blue LED light for seven days led to a significant 

increase in total vitamin C. At fourteen days the total amount of vitamin C decreased slightly, but 

still remained higher than on day 0. Increased L-galactono-1,4-lactone dehydrogenase activity 

may be one reason as to why vitamin C content dramatically increased after seven days of light 

exposure but further work is necessary to understand this mechanism and its relation to LED 

light.  

The results of microbiological analyses indicate that LED light led to a 1.5 log reduction 

in total SPC after 14 days of LED exposure, which suggests that blue LED light may be capable 

of controlling microbial growth during storage. However, more work is necessary to determine if 

LED light is an effective method for decontaminating the microbial load on the surface of 

spinach.  

 Overall, this study has shown great potential for the application of LED technology in the 

preservation of fresh produce. The effect on vitamin C throughout storage was the most 

substantial finding. However, there are a few things to consider when weighing the feasibility of 
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this technology at a larger scale. One consideration would be how to deliver the light in 

industrial applications. It is known that as the wavelength of electromagnetic waves decreases, 

the penetration length also decreases (Winans, 1947). Thus, blue LED light at 405 nm is 

expected to have relatively low penetration depth compared to visible light of longer 

wavelengths. This may mean that only the leaves in direct contact with the light would be 

affected. This could ultimately impact when and how LED light would have to be dispensed. If 

the leaves are packed and stored in bags, it would not allow for all leaves to be in direct contact 

with the light. Thus, the technology would have to be applied to single layers of leaves, possibly 

post-wash and/or pre-package. Likewise, the initial results of microbial reduction suggested that 

single layer surface exposure led to a 1.5 log reduction after 14 days of exposure. This all leads 

to the second major challenge of industrial application, that is if the effects of blue LED light on 

spinach are reversible. If the biosynthesis of vitamin C is found to decrease with removal from 

LED light, then ways to ensure continuous application of LED light would have to be 

considered. Another interesting question to ask would be the kinetics of vitamin C synthesis 

during LED exposure: what is the minimum exposure time required to achieve a significant 

boost in vitamin C concentration? 

 Moreover, the results of this study indicate that blue LEDs may have potential as a novel 

preservation technique and a method of boosting vitamin C in spinach post-harvest. Whether or 

not this technology is actually feasible at an industrial scale is the challenge at hand.  
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